A new method based on image restoration is proposed for defocused fingerprint image enhancement in this paper. First, a model of the sources of fingerprint image degradationis constructed to remove or reduce the effects of the sources of fingerprint image degradation. The defocused fingerprint images can be considered as unknown focused fingerprint images filtered by a low-pass filter. Then, a circular defocus model is used to approximate the degree of the defocusing inan optical system. The Lucy-Richardson (L-R) algorithm combined with the Point Spread Function (PSF) based on the circular defocus model is proposed for fingerprint image restoration. Eventually, the enhanced fingerprint images are obtained by using the L-R iterative algorithm. The proposed method is experimented on two sets of defocused fingerprint images. Experimental results show the method proposed in this paper is more effective and feasible than the traditional method.
Introduction
The forensic fingermarks are important individual features because of its stability and individual difference [1] [2] [3] . Fingerprint identification may be applied in many fields, such as forensic science, justice identification, public security, financial security, and so on. Usually, the police can confirm a suspect and crack a criminal case by a comparison between a latent fingermark from the crime scene and a control ten fingerprint from the known individual [4] . The fingermarks on the surface of the exhibits from a crime scene are firstly photographed by a digital camera and the fingerprint images are obtained. However, the obtained fingerprint images are sometimes blurred because the lens of the digital camera is likely in a defocused state, which results in the difficulty of the subsequent fingerprint recognition [5] .
Furthermore, the exhibits where the fingermarks left are often used to detect the DNA (deoxyribonucleic acid) evidence, which destroys the fingermarks [6] [7] [8] . Thus fingermarks which have been destroyed are not photographed by a digital camera, again.
The fingerprint image restoration processing is an important step between the fingerprint image collection and fingerprint recognition. At present, there has not been a special report on the restoration of the defocused fingerprint images. Therefore, a new method based on image restoration is proposed for defocused fingerprint image restoration in this paper. The clear fingerprint images can be obtained after the defocused fingerprint images are processed by the method in this paper. The defocused fingerprint images may be considered as the unknown focused fingerprint images processed by a low-pass filter which removes a lot of high-frequency components of the focused fingerprint images. Therefore, the defocused fingerprint images become blurred.
The contribution of this paper includes as follows:
(1) A new method based on fingerprint image restoration is proposed for defocused fingerprint image enhancement;
(2) The Lucy-Richardson (L-R) algorithm combined with the Point Spread Function (PSF) based on a circular defocus model is proposed for fingerprint image restoration; (3) Experimental results of the method proposed in this paper are better than experimental results of the traditional method.
Fingerprint Image Restoration for the Defocused Fingerprint Images
A model of the sources of image degradation is constructed in the fingerprint image restoration. The fingerprint image restoration implements a process designed to remove or reduce the effects of the sources of image degradation. The purpose of fingerprint image restoration is to improve the quality of the defocused fingerprint images. Currently, many different methods have been proposed for image restoration and image enhancement. The methods contain the inverse filtering method, the Wiener deconvolution filter method, the Bayesian analysis method, and so on. However, there has not been found a special method for restoration of defocused fingerprint images. The LucyRichardson (L-R) algorithm is an iteration algorithm based on Bayesian analysis [9] . The L-R algorithm assumes that the image obeys the Poisson distribution. It attempts to maximize the likelihood of the original image by using the expectation-maximization algorithm. The Point Spread Function (PSF) is important in the L-R algorithm. The fingerprint image degradation caused by defocused lenses of a digital camera can be described by the PSF. The PSF indicates the extent to which the clear fingerprint image is defocused by an optical system. Image restoration attempts to recover the original fingerprint image which has been defocused by using some heuristic knowledge about image degradation.
The defocused fingerprint image ( , ) g x y can be considered as the original and clear image ( , ) f x y which is processed by the PSF ( , ) h x y and the noise image ( , ) n x y , as shown in Fig. 1 . The defocused fingerprint image ( , ) g x y can be expressed by:
where ( , ) h x y is the PSF. Fourier transform of Eq. (1) can be expressed as follows:
In the restoration of the defocused fingerprint image, the circular defocus model is used to approximate the PSF ( , ) h x y :
( ) 
where r is the defocused radius. It represents the degree of the defocusing in the optical system. Fourier transform ofEq. (3) can be expressed as follows: [10] , the trajectory equation of ( , ) H u v of the first zero point in the frequency domain can be expressed as follows:
According to Eq. (2) and Eq. (5), the defocused radius r can be calculated from the frequencies corresponding to the first zero point of the Fourier transform of the defocused fingerprint image ( , ) G u v when the noise of the fingerprint image is small or 0. Then, according to the radius r , we can calculate the PSF ( , ) h x y . The iterative L-R algorithm can be expressed as:
where k is the number of iterations, ( ) k f denotes the estimate of the image f after k iterations, the function ( ) L • is called the L-R function, the symbol ⊕ and ⊗ are the correlation operator and the convolution operator, respectively. The image
is called the reblurred image. The noise ( , ) n x y may be ignored in this paper because fingerprint images are usually photographed under controlled conditions. Therefore, the degradation model of the defocused fingerprint image can be simplified, as shown in Fig. 2 . 
The defocused fingerprint image ( , ) g x y is a known term in Eq. (6). When Eq. (6) begins to be iterated, (0) f may be initialized as ( , ) g x y , as shown in the Eq. (8).
It has been proved that ( 1) k f + can converge to f along with the increase of the number k of iterations [11] [12] . Therefore, the defocused fingerprint image can be restored to some extent.
Experiments and Results
The presented method in the paper is experimented on the two sets of defocused fingerprint images in order that the performance of the method can be fully tested. The experiments are performed on the Matlab platform. The performance of the proposed method is compared with the performance of the traditional method which is involved with the adjustment of the lightness, the contrast, the γ rectification, and so on.
The defocused fingerprint images are showed in Fig. 3 . As showed in Fig. 3 , the two fingerprint images are blurred because of out-of-focus lenses of the digital camera. The friction ridges in the fingerprint images are blurred, which increases the difficulty of the subsequent fingerprint identification.
(a) (b) Figure 3 . The defocused fingerprint images. Fig. 4 shows the processed images by using the traditional method. As shown in Fig. 4 , the highfrequency details in the two images are still blurry. The likely reason is that the traditional method is only concerned with the adjustment of the image parameters, such as the lightness, the contrast, the histogram, and so on. The mechanism of out-of-focus lenses is not taken into account. Therefore, the performance of the traditional method is not very effective. 5 shows the processed images by using the proposed method in this paper. As shown in Fig.  5 , the high-frequency details in the two images are clearer than the high-frequency details in the two images in Fig. 4 . The main reason is that the proposed method in the paper takes the sources of fingerprint image degradation into account. Therefore, the proposed method in this paper is more effective than the traditional method.
(a) (b) Figure 5 . The fingerprint images processed by the method in this paper.
In order to compare the performance of the proposed method in this paper and the traditional method in processing defocused fingerprint images, some image parameters about the original fingerprint images, the images processed by the traditional method and the images processed by the method in this paper are presented in the experiment. The standard deviation of the fingerprint image can reflect the degree of blurring of the image to a certain extent. Table 1 lists the standard deviations of the first set and the second set of fingerprint images. The first set of fingerprint images contains Fig. 3(a), 4(a) and 5(a) .The second set of fingerprint images contains Fig. 3(b) , 4(b) and 5(b) .The difference between the adjacent pixel values of the blurred image is relatively small, and the difference between the adjacent pixel values of the clear image is relatively large. As can be seen from Table 1 , the standard deviations of the images processed by the method in this paper are greater than the standard deviations of the original images, indicating that the difference between the restored image pixel values is large, reflecting the restored image becomes clear to some extent. The standard deviations of the traditional method are greater than the standard deviations of the method in this paper. This indicates that the standard deviations of the images are significantly increased by adjustment of image parameters, such as brightness, contrast, γ rectification, and so on. However, the visual effect of the method in this paper is obviously better than the visual effect of the traditional method. This shows that the subjective evaluation of image quality is more important than some objective evaluation of image quality. The subjective evaluation of image quality is relatively strong.
In addition, the size of the edge details of the two sets of images is compared to reflect the effect of image restoration in the experiment. First, the two sets of images are transformed into the grayscale images, and then the canny edge detection operator is used to detect the edge details of the images. Finally, the sum of the pixel values of edge details of the images is calculated. Table 2 lists the sum of the edge detail parts of the two sets of images. From Table 2 , it can be seen that the edge parts of the images processed by the method in the paper are greater than the edge parts of the original images and the edge parts of the images processed by the traditional method. Table 2 indicates that the edge parts of the images processed by the method in this paper are enhanced.
Conclusions
The fingerprint image processing is an important step between the fingerprint image acquisition and the fingerprint feature recognition. The fingerprint images photographed by a digital camera are sometimes blurred because of the out-of-focus lenses. Moreover, the fingermarks left on the exhibits are often destroyed due to the DNA detection to the exhibits. So, the new method based on fingerprint image restoration is proposed to enhance the defocused fingerprint images in this paper. In the method, the Lucy-Richardson (L-R) algorithm is combined with the Point Spread Function (PSF) based on the circular defocus model. Experimental results show that the proposed method in this paper is effective and feasible.
